A novel method utilizing response surface methodology (RSM) is proposed for effective analysis of the combined influence of writing head geometry and media properties on writing field performance. The method comprises two main modules: (1) a parametric writing head model based on finite element electromagnetic field analysis and (2) an effective writing field gradient model based on RSM. Using the method proposed, the writing performance of an asymmetrically shielded writing head for shingled magnetic recording on bit-patterned media (SMR-BPM) is analyzed. The results show that the shielding trailing gap and medium coercivity primarily impact the effective writing field (EWF) gradient and that the shielding side gap has a secondary impact. More importantly, the analysis shows a strong interaction effect between the influences of writing head geometry and medium coercivity on the EWF gradient, which indicates the need for inclusive design.
Introduction
The development of perpendicular magnetic recording is restricted by the famous trilemma caused by the superparamagnetic limit: thermal stability, grain size, and writing ability conflict while the areal density is increasing [1] . In recent years, several new methods and techniques have been proposed to manage this problem, such as heat-assisted magnetic recording (HAMR) [2] , microwave-assisted magnetic recording (MAMR) [3, 4] , shingled magnetic recording (SMR) [5, 6] , and bit-patterned media recording (BPM) [7, 8] . In the BPM scheme, the data are stored in patterned magnetic islands instead of grain clusters in conventional continuous media to achieve higher SNR and thermal stability. More recently, it has been demonstrated that the combination of a shingled magnetic recording scheme with bit-patterned media (SMR-BPM) can achieve bit error rates in the range of 10 −4 at an areal density of 10 Tb/in 2 [9] and 10 −8 at 4 Tb/in 2 [10] ; 14 Tb/in 2 can be achieved by integrating a heat-assisted scheme [11] . However, for SMR-BPM to fully realize its potential, refined designs for the writing head and recording media are of critical importance. Evaluation of the writing head performance involves precise modeling of relatively complicated geometry features and material properties. And the media characteristics should be considered due to the increasing complexity of the microstructure of the BPM. Research efforts focusing on writing heads [12] [13] [14] [15] or BPM [16] [17] [18] have been extensive. However, their interdependence and the resulting effects on the writing performance, especially considering the magnetic field distribution around the shingled writing corner, have hardly been addressed, partly due to the complex nature of the problem. In this paper, we use response surface methodology (RSM) [19] to investigate the interaction effect of the head-head and headmedia parameters on the EWF gradient for SMR-BMP. The writing head is asymmetrically shielded, similar to those studied in [13, 15] . However, it includes a slot between the trailing shield and the side shield on the shingled writing side, as suggested in [20] . The response surface model of the effective writing field gradient is constructed using the central composite design (CCD) [19] , and its sensitivity to the shield design parameters and BPM magnetic properties at the critical location of the writing field contour is investigated. The slot has an apparent influence on the writing field angle distribution around the shingled writing corner. Moreover, the response surface analysis shows a clear interaction effect between the shield geometric design parameters and the media properties on the EWF gradient, and such effect may have profound influences on the magnetic switching jitter noise and final bit error rate.
Modeling Details

Writing Head Modeling.
Utilization of an asymmetrically shielded SMR writing head is believed to help achieve a higher effective writing field and maintain a good field gradient, which is crucial to ultrahigh density recording systems [15] . In this study, an asymmetrically shielded main pole with a slot between the trailing shield and the side shield on the shingled writing side was adopted, and the writing field was analyzed using a finite element Maxwell solver. A schematic view of the investigated writing head structure is shown in Figure 1 (a). The shield design parameters considered in the investigation are the trailing gap (TG), side gap on the shingled writing side (SG), and slot depth (SD). The other parameters were a side gap on the nonshingled writing side (SGNS) of 70 nm, a main pole height (PH) of 75 nm, a throat height (TH) of 5 nm, a main pole flare angle (FA) of 40 ∘ , a side shield height (SSH) of 150 nm, and a spacing between the air-bearing surface and the top of the soft-magnetic under layer (ATS) of 25 nm, as shown in Figure 1(b) . The saturation magnetization of the main pole was 1910 kA/m, and those of the shield and SUL were 796 kA/m and 955 kA/m, respectively. Notably, the bitpatterned magnetic islands in Figure 1 
Effective Writing Field and Gradient.
A major concern for the recording quality in SMR-BPM is that the writing field pertaining to the writing ability tends to spread around the shingled corner of the writing pole [21] . The EWF gradients at this location, particularly where the effective writing field eff exceeds the coercivity of the magnetic island , are a major factor determining the magnetic switching jitter and the final signal to noise ratio [22] . In this paper, the EWF gradients along the bisector of the main pole base angle (BAB) on the shingle writing side are analyzed using response surface methodology (RSM), as shown in Figure 3 .
The magnetization switching behavior of BPM shows clear dependence on the writing field angle, and for magnetic islands with a single phase, the effective writing field can be described by the Stoner-Wohlfarth model [23] as follows:
where is the writing field obtained by the finite element solver mentioned above and is the angle between the writing field and the easy axis of the magnetic island, as shown in Figure 2 . Notably, exchange coupled composite media with distinct switching field angle dependence [24] , which leads to different effective writing field distributions, can also be used to construct the RSM model.
To analyze the influence of design parameters on the writing performance, numerical simulations were devised based on the central composite design (CCD) to construct the second-order response surface model with the EWF gradient as the response target. The model can be expressed as
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where is the total simulation runs. The least square estimation of is
The full RSM model can be further reduced by dropping insignificant terms, which are identified based on an analysis of variance (ANOVA), as discussed in Section 3. 
Results and Discussion
Simulation Design I.
We constructed the EWF gradient response surface models related to SD, SG, and TG to investigate the influence of different head design parameters. The coded and natural levels and the EWF gradient responses are given in Table 1 . The bit-patterned magnetic island with anisotropy energy density = 5.83 × 10 5 J/m 3 and saturation magnetization = 1 × 10 6 A/m was used for angle dependence calculation.
The main effect and two-interaction effect of the design parameters can be evaluated based on the responses of factorial runs (1) (2) (3) (4) (5) (6) (7) (8) , and the quadratic effect can be evaluated based on the axial and center runs (9) (10) (11) (12) (13) (14) (15) . Strength of each effect can be indicated by the percentagewise absolute value of the coefficient in RSM model, as shown in Figure 4 . The EWF gradient is dominated by the main effect from 3 , followed by the main effect from 2 . A minor quadratic effect from 3 can also be observed, and the remaining effects are almost negligible. Figure 5 shows the corresponding half-normal probability plot [25] . The significant effects are far from the reference line and are labeled on the plot.
The second-order response surface model was fitted by least square estimation. Table 2 shows the corresponding analysis of variance. We used the coefficient of determination to evaluate the fitting quality. For the full model, the adjusted coefficient of determination adj 2 = 0.955, indicating that the model explains 95.5% of the simulated variation, and the prediction coefficient of determination pre 2 = 0.878, indicating that the model is expected to explain 87.8% of the variability in new simulations. Notably, because the pure error can be neglected in the simulation approach, the residual is only due to lack of fit.
The individual significance of each term was investigated using a partial -test, as shown in Table 2 . Because we selected a significance level of = 0.05, only the first-order terms of 2 ( = 0.0028) and 3 ( = 0.000015) were identified as significant in the model; thus, the reduced model can be expressed as
where 0 = 15474, 2 = −381, and 3 = −1157, with coefficients of determination adj 2 = 0.97 and pre 2 = 0.802. The absence of second-order terms and interaction terms indicates a nearly linear influence of these head design parameters on the EWF gradients. Moreover, the negative coefficients for 2 and 3 indicate that a reduction in either SG or TG will improve the field gradient. The EWF gradient is mainly affected by changes in TG, and a relatively small contribution from SG can be observed. Within the design region, optimal design leads to a 20% increase in the EWF gradient, and the maximum of 17012 A/m/nm can be reached at 2 = −1 and 3 = −1, corresponding to SG = 40 nm and TG = 30 nm. However, SD shows almost no influence under the current simulation settings. A possible reason may be that the magnetic island switching field is not affected by SD because it only modulates the field angle distribution underneath. Table 3 . Figure 6 shows the effect strength in simulation design II. Variation of the EWF gradient is a relatively complex process in which the main, interaction, and quadratic effects all contribute considerably.
The ANOVA for simulation design II is shown in Table 4 . The significant terms are the first-order terms 1 ( = 0.000021), 2 ( = 0.0014), and 3 ( = 0.000032), secondorder term 3 2 ( = 0.0056), and interaction term 1 ⋅ 3 ( = 0.0015). Thus, the reduced model is 3 coefficients are in accordance with (5), and a smaller absolute value of the 3 coefficient indicates that its main effect decreases. More importantly, compared with the model in simulation design I, the model is complicated by two extra terms: (1) the second-order term 3 2 , which implies that there is a response stationary point for TG within the design region, and (2) the interaction term for 1 and 3 , which indicates that the influences from and TG on the EWF gradient are highly correlated. Figure 7 shows the response surface of the EWF gradient related to SG and TG when was fixed at different levels. The curvature of the surface increases as decreases from 6 × 10 5 J/m 3 ( Figure 7 (a)) to 5 × 10 5 J/m 3 ( Figure 7(c) ).
Moreover, the response maximum with = 5 × 10 5 J/m 3 is reached within the design region at SG = 40 nm and TG = 35.2 nm, as shown in Figure 7 (c), and a further decrease in TG deteriorates the EWF gradient. This indicates that the optimal TG varies with medium coercivity. Specifically, a medium with lower prefers a wider TG. One possible reason is the spatial dependence of the writing field gradient. For a writing head design such as that proposed in [13] , the optimal field gradient is confined to a small area in the media plane; thus, the medium coercivity must be carefully designed to achieve improved writing performance.
Conclusion and Perspectives
In this paper, an EWF gradient model for shingled bitpatterned recording was constructed based on response surface methodology, and the influences from individual and combined parameter variation from the writing head and media were analyzed. Reduction in the trailing gap is more effective than that in the side gap to improve the EWF gradient. The slot between the trailing shield and side shield on the shingled writing side can be used to modulate the field angle distribution but does not show a clear effect on the EWF gradient. Moreover, the gradient sensitivity to the shield's geometric design parameters is dependent on the coercivity of the medium. The proposed method is useful for evaluation of the bit error rate and SNR of shingled bitpatterned recording systems.
